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The OPERA experiment reached its main goal by proving the appear-
ance of ντ in the CNGS νµ beam. A sample of five ντ candidates was
collected allowing to reject the null hypothesis at 5.1σ. The estimation of
∆m223 in “appearance mode” has been obtained. Updates on the search
for νµ → νe oscillations and on the search for sterile neutrino mixing in
the νµ → νe and νµ → ντ channels are also reported.
PRESENTED AT
NuPhys2016, Prospects in Neutrino Physics
Barbican Centre, London, UK, December 12 – 14, 2016
1the OPERA Collaboration is listed in the last page
1 Introduction
The OPERA experiment at the Gran Sasso Lab was exposed to the CNGS νµ beam,
730 km away from the beam source.
The CNGS was a conventional neutrino beam optimised for ντ appearance search.
Unlike other neutrino beams designed to measure νµ disappearance at the atmospheric
squared-mass splitting scale, the mean energy (17 GeV) of the CNGS was not tuned
at the oscillation maximum which for L = 730 km is at Eν ∼ 1.5 GeV, i.e. below
the τ production threshold. The prompt ντ contamination was negligible, O(10
−6);
the νe component was relatively small: in terms of CC interactions, the νe and ν¯e
contaminations were together < 1%.
The total exposure to the CNGS beam (17.97 × 1019 protons on target, PoT)
resulted in 19 505 neutrino interactions in the OPERA target fiducial volume.
The OPERA detector was made of two identical super modules (SMs) each con-
sisting of a target section made of lead/emulsion-film modules, of a scintillator tracker
detector, needed to pre-localize neutrino interactions within the target, and of a muon
spectrometer. The topology of neutrino interactions were recorded in emulsion cloud
chamber detectors (ECC bricks) with submicrometric spatial resolution. Each brick
was a stack of 56 1 mm thick lead plates, and 57 nuclear emulsion films with a
12.7 × 10.2 cm2 cross section, a thickness of ∼10 X0 and a mass of 8.3 kg. In the
bricks, the momenta of charged particles were measured by their multiple Coulomb
scattering in the lead plates. A changeable sheet (CS) doublet consisting of a pair of
emulsion films was attached to the downstream face of each brick. The full OPERA
target was segmented in about 150 000 bricks, arranged in each SM in 31 walls. Down-
stream of each target wall two orthogonal planes of electronic target trackers (TTs),
made of 2.6 cm wide scintillator strips, recorded the position and deposited energy
of charged particles. A spectrometer, consisting of iron core magnets instrumented
with resistive plate chambers and drift tubes was mounted downstream of each target
module. The spectrometers are used to identify muons, determine their charge, and
measure their momentum with an accuracy of about 20%. A detailed description of
the OPERA detector can be found in Ref. [1].
2 Data processing
Neutrino events were classified either as 1µ, i.e. events with at least one track tagged
as a muon, or as 0µ [2]. A dedicated program reconstructs tracks in the electronic
detectors and builds a 3D probability map for bricks to contain the neutrino vertex.
The CS films of the brick with the highest probability are developed and analysed
with high-speed automatic optical microscopes [2], searching for tracks compatible
with the TT prediction. The tracks found in the CS doublet are extrapolated to
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the most downstream film of the brick and then followed upstream in the brick until
the stopping point (primary vertex). A procedure is then applied to detect charged
and neutral decay topologies, secondary interactions or photon conversions in the
neighborhood of the primary vertex. If a secondary vertex is found a full kinematical
analysis is performed extending the scanned volume and following the tracks also in
the downstream bricks. This analysis integrates the complementary information pro-
vided by emulsions and electronic detectors, making use of the angles measured in the
emulsion films, the momenta determined by multiple Coulomb scattering measured
in the brick, the momenta measured by the magnetic spectrometers, and the total
energy deposited in the instrumented target acting as a calorimeter [2]. The energy of
photons and electrons is also estimated using calorimetric techniques [3]. The details
of the event analysis procedure are described in Ref. [4].
3 Results on neutrino oscillations
3.1 νµ → ντ
Five events out of all 0µ events and 1µ events with pµ < 15 GeV/c fulfill the topolog-
ical and kinematical cuts required for ντ candidates [5]. In one of them the τ lepton
undergoes a muonic decay [6], one event is a τ → 3h decay [7], and three events are
τ → 1h decays [8, 9].
The numbers of expected signal and background events are estimated from the
simulated CNGS flux [10]. The expected detectable signal events in the 0µ events and
1µ samples are obtained using the reconstruction efficiencies and the ντ event rate in
the flux normalised to the detected νµ interactions. A similar normalisation procedure
is also used in the background expectation. The details of the signal and background
estimation are described in Ref. [7]. The expected numbers of ντ events for each decay
channel are computed assuming ∆m223 = 2.44 × 10
−3 eV2 [11] and maximal mixing
(see Table 1). The total expected signal amounts to 2.64 ± 0.53 events. The total
systematic uncertainty on the expected signal is then set to 20% [5].
The main sources of background in the search for ντ appearance are charmed par-
ticle decays, hadronic interactions and large-angle muon scattering (LAS). The uncer-
tainties on the charm and hadronic backgrounds are 20% [4] and 30% [5], respectively.
A recent re-evaluation of the LAS background led to a significant reduction of its con-
tribution [12]. From this study it follows that the number of LAS background events
that satisfy the selection criteria amounts to [1.2 ± 0.1(stat.)±0.6(sys.)]×10−7/νCCµ
interactions. The estimated background events for the analysed data set with the
corresponding uncertainties are listed in Table 1. The total expected background
amounts to 0.25± 0.05 events.
The significance of the observed ντ candidates is evaluated as the probability
that the background can produce a fluctuation greater than or equal to the observed
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Channel Exp. Background Exp. Signal Observed
Charm Hadronic re-int LAS Total
τ → 1h 0.017 ± 0.003 0.022 ± 0.006 – 0.04 ± 0.01 0.52 ± 0.10 3
τ → 3h 0.17 ± 0.03 0.003 ± 0.001 – 0.17 ± 0.03 0.73 ± 0.14 1
τ → µ 0.004 ± 0.001 – 0.0002 ± 0.0001 0.004 ± 0.001 0.61 ± 0.12 1
τ → e 0.03 ± 0.01 – – 0.03 ± 0.01 0.78 ± 0.16 0
Total 0.22 ± 0.04 0.02 ± 0.01 0.0002 ± 0.0001 0.25 ± 0.05 2.64 ± 0.53 5
Table 1: Expected signal and background events in the analysed data set [5].
number of events. Two test statistics are used, one based on the Fisher’s method, the
other one based on the profile likelihood ratio. Both methods exclude the background-
only hypothesis with a significance of 5.1 σ [5]. The observed number of ντ candidates
is also compatible with the expectations in the three neutrino oscillation framework.
Based on the number of observed signal candidates ∆m223 has been evaluated in
“appearance mode” for the first time. Assuming full mixing the 90% C.L. interval
for ∆m223 is [2.0, 5.0]× 10
−3 eV2 [5].
3.2 νµ → νe
The possibility to efficiently disentangle electrons from photon conversion in the ECC
bricks bases the search for oscillations in the νµ → νe channel. A dedicated procedure
is applied to 0µ events aiming at identifying “shower hints” from track multiplicity in
the changeable sheet doublets. An additional scanning of volume extending from the
most downstream film up to the interaction vertex is performed in order to reconstruct
electromagnetic showers. Events with a shower initiated by a single track emerging
from the primary vertex are classified as νe candidates. A first result corresponding
to 5.3×1019 pot was published in Ref. [3]. The search has been extended to the whole
data set yielding 34 νe candidates. The expected number of νe CC interactions due to
the intrinsic beam contamination is 37± 5. Background events amount to 1.2± 0.1.
They arise from misidentified pi0 in νµ interactions without a reconstructed muon
and ντ CC interactions with τ decaying into an electron. In the whole energy range
2.9±0.4 oscillated νe CC events are expected assuming sin
22θ13 = 0.098, sin
22θ23 = 1,
∆m231 = 2.44×10
−3 eV2, δCP = 0, and neglecting matter effects. In conclusion, the
number of observed events is compatible with the 3-flavour oscillation model.
3.3 Search for sterile neutrino mixing
The results on ντ appearance have been interpreted in the context of the 3+1 neutrino
model deriving limits on oscillations induced by a massive sterile neutrino. Exclusion
regions are obtained in the (∆m241, sin
2 2θµτ ) parameter space. The limits on ∆m
2
41
are extended up to 10−2 eV2 for relatively large mixing, sin2 2θµτ > 0.5. At large
values of ∆m241 (> 1 eV
2), marginalising over the CP -violating phase, values of the
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effective mixing parameter sin2 2θµτ > 0.119 are excluded at 90% C.L. [13].
In Ref. [3] the number of νe candidates was compared to the expectation from
an approximated two-state model parametrised in terms of two effective parameters,
∆m2new and θnew. The approximation is valid assuming CP conservation, neglecting
standard oscillations, treated as a background, and for large values of ∆m2new (> 0.1
eV 2). To optimise the sensitivity only events below 30 GeV were considered. Six
events were observed to be compared to an expectation of 9.4± 1.3 (syst.). For large
∆m2new values the 90% C.L. upper limit on sin
2 2θnew is at 7.2 ×10
−3. This analysis
is being updated in the 3+1 neutrino model using the whole νe data sample.
4 Conclusions
The OPERA experiment has discovered ντ appearance with a significance of 5.1 σ
observing 5 ντ candidates with a background of 0.25 events.
The results on νµ → ντ search, compatible with the standard 3ν model, have been
used to constrain the parameter space of oscillations induced by a massive sterile
neutrino. Limits on the sterile neutrino mixing have also been derived in the νµ → νe
appearance channel.
In order to estimate oscillation parameters with reduced statistical uncertainty
an analysis using a selection with released cuts and multivariate techniques is being
performed. The unique feature of the OPERA experiment to identify all neutrino
flavours will allow a joint fit of all oscillation data.
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